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We present the results of magnetization, ESR and NMR measurements on single crystal samples of
the frustrated S = 1/2 chain cuprate LiCu2O2 doped with nonmagnetic Zn
2+. As shown by the x-ray
techniques the crystals of Li(Cu1−xZnx)2O2 with x < 0.12 are single-phase, whereas for higher Zn
concentrations the samples were polyphase. ESR spectra for all monophase samples (0 ≤ x < 0.12)
can be explained within the model of a planar spin structure with a uniaxial type anisotropy. The
NMR spectra of the highly doped single crystal sample Li(Cu0.9Zn0.1)2O2 can be described in the
frame of a planar spin-glass like magnetic structure with short-range spiral correlations in the crystal
(ab)-planes with strongest exchange bonds. The value of magnetic moments of Cu2+ ions in this
structure is close to the value obtained for undoped crystals: (0.8 ± 0.1) µB .
PACS numbers: 75.50.Ee, 76.60.-k, 75.10.Jm, 75.10.Pq
I. INTRODUCTION
LiCu2O2 is an example of a S = 1/2 magnet with
frustrated exchange interactions. The magnetic struc-
ture of LiCu2O2 can be considered as a system of coupled
S = 1/2 chains of magnetic Cu2+ ions. Within the chains
the nearest spins interact ferromagnetically and the next-
nearest neighbors antiferromagnetically. Interest in mag-
netic systems with such a type of frustration is stimulated
by theoretical predictions of unusual magnetic phases for
uncoupled and weakly coupled (1D and quasi-1D) chain
models (see for example Refs. 1,2). It was shown that
a new type of magnetic ordering can be realized for the
magnets with this particular type of frustration. Such a
type of magnetic order, with zero average magnetic mo-
ment on each magnetic ion, but with long-range ordered
correlations of spin components of neighboring ions, is
classified as spin-nematic order.3 The possibility to find
this new type of magnetic order experimentally is a very
attractive task. According to Ref. 1, for the 1D model
with the intrachain exchange constants of LiCu2O2 a chi-
ral long-range order in the low-field range and a quasi
long-range ordered spin-density wave phase in higher ap-
plied magnetic fields H are expected. In the experi-
ment the planar spiral spin structure was observed at
T < TN in the low-field range in LiCu2O2.
4,5 At higher
fields µ0H ≈ 15 T another magnetic phase, which is not
identified yet, was observed.6 Probably, this phase is re-
lated to a spin-density wave phase which is predicted for
the 1D model. A spin-nematic phase for the exchange
integrals of LiCu2O2 is expected in even higher magnetic
fields which are hardly accessible experimentally.
Introduction of non-magnetic impurities substituting
for the magnetic ions provides a powerful tool to fine tune
properties of the bulk magnet and to affect stability of
different phases or even to stabilize new phases. The ef-
fect of non-magnetic doping was studied in the collinearly
ordered magnets (e.g. Refs. 7,8), in the quantum mag-
nets (e.g. Refs. 9,10). Recent publications (e.g. Refs. 11–
14) have discussed the effect of non-magnetic impurities
on the matrix with frustrated interactions. Quasi-one-
dimensional frustrated magnets are appealing objects for
the study of such doping effects: first, breaking up the
spin-chain by an impurity can lead to the formation of
the lengthy multi-spin defect with unusual properties.15
Besides, in the presence of the strong next-nearest neigh-
bor interaction unaffected by doping, substitution of the
magnetic ion by non-magnetic ones results in the conser-
vation of the magnetic correlations along the chain with
the defined spin spiral phaseshift at the impurity loca-
tion, while, due to the random location of the defects,
weak interchain interaction becomes frustrated.
The investigation of the zinc-doped crystals of
LiCu2O2 was reported recently
16 and new magnetic
phases in this system were announced. This report has
stimulated the Electron Spin Resonance (ESR) and Nu-
clear Magnetic Resonance (NMR) investigations of the
magnetic structure of Zn-doped LiCu2O2 single crystals
reported here. Our x-ray, ESR and NMR research pro-
vides no support for the existence of the dimer phase at
2doping levels above x ≈ 5%, suggested by Hsu et al.16
On the contrary, we have found that at the doping up to
10% resonance response of the system remains qualita-
tively similar to that of the pure sample and can be un-
derstood in terms of planar noncollinear structure. The
NMR study of the Li(Cu1−xZnx)2O2 single crystal with
x = 0.1 at T < TN shows coexistence of static correla-
tions corresponding to the magnetic structure of the un-
doped material with a static random distribution of spin
directions. The temperature evolution of NMR spectra
can be described by the development of the interplane
correlations with decrease of the temperature. For the
temperatures TN/2 < T < TN the NMR spectra can be
described in the model of uncorrelated (ab) spin planes.
The paper is built as follows. In the first section a
short overview of the literature data about the crys-
tal and magnetic structures of the undoped samples of
LiCu2O2 is given. In the second section of the paper the
details of crystal growth and sample characterization are
described. In the next two sections results of ESR and
NMR experiments are presented.
II. CRYSTALLOGRAPHIC AND MAGNETIC
STRUCTURES OF LICU2O2
LiCu2O2 crystallizes in an orthorhombic system (space
group Pnma) with unit cell parameters a = 5.73 A˚,
b = 2.86 A˚ and c = 12.42 A˚.17 The unit cell parame-
ter a is approximately twice the unit cell parameter b.
Consequently, the LiCu2O2 samples, as a rule, are char-
acterized by twinning due to the formation of crystal-
lographic domains rotated by 90◦ around their common
crystallographic c-axis.
The unit cell of the LiCu2O2 crystal contains four uni-
valent nonmagnetic Cu+ cations and four divalent Cu2+
cations with spin S = 1/2. There are four crystallo-
graphic positions of the magnetic Cu2+ ions in the crys-
tal unit cell of LiCu2O2, conventionally denoted as α, β,
γ and δ.
The Cu2+ ions in different positions are weakly mag-
netically coupled and form four almost independent sys-
tems of spin chains. Such chains formed by one of
four kinds of Cu2+ ions (e.g. the α-position) and rele-
vant exchange interactions18 within the system are shown
schematically in Fig. 1a.
The positions of Cu2+ and Li+ ions in the crystal cell
are given17 by copper coordinates: (0.876; 0.75; 0.095),
(0.376; 0.75; 0.405), (0.624; 0.25; 0.595), (0.124; 0.25;
0.905) and by lithium coordinates: (0.376;0.75;0.068),
(0.876;0.75;0.432),(0.124;0.25;0.568),(0.624;0.25;0.932).
Schematic arrangement of the Cu2+ and Li+ ions in
the projection of the crystal lattice onto the ac-plane is
given in Fig. 1b.
The transition into the magnetically ordered state oc-
curs via two stages at Tc1 = 24.6 K and Tc2 = 23.2 K.
19
Neutron scattering and NMR experiments have revealed
that an incommensurate magnetic structure is realized in
the magnetically ordered state (T < Tc1).
4,5,20 The wave
vector of the incommensurate magnetic structure coin-
cides with the chain direction (the b-axis). The magni-
tude of the propagation vector at T < 17 K is almost
temperature independent and is equal to 0.827×2pi/b.
The neutron scattering experiments have shown that the
neighboring magnetic moments along the a-direction are
antiparallel, whereas those along the c-direction are par-
allel. The investigation of the spin-wave spectra by in-
elastic neutron scattering18 shows that the incommensu-
rate magnetic structure in LiCu2O2 is caused by a com-
petition between the ferromagnetic exchange interaction
of the nearest-neighbor magnetic ions in the chain J1 =
−7.00 meV and the antiferromagnetic interaction of the
next-nearest neighbor ions in the chain J2 = 3.75 meV.
The antiparallel orientation of the magnetic moments
of Cu2+ between neighboring chains is caused by the
strong antiferromagnetic interaction J3 = 3.4 meV. The
coupling of the Cu2+ magnetic moments along the c-
direction and the couplings between the magnetic ions in
different crystallographic positions α, β, γ or δ are much
weaker.5,18 Thus, the magnetic structure of LiCu2O2
in the magnetically ordered phase can be considered
as quasi-two dimensional. The quasi-two-dimensional
character of the magnetic interactions in LiCu2O2 was
also proven by resonant soft X-ray magnetic scattering
experiments.21,22
The magnetic structure of LiCu2O2 at zero magnetic
field was studied using different experimental methods,
but so far there is no generally accepted model for it. For
a review of proposed models see, for example, Ref. 6.
In magnetic fields above 3 T, the magnetic structure
realized in LiCu2O2 is much clearer. ESR and NMR
studies of LiCu2O2 in the low-temperature magnetically
ordered phase (T < Tc2) established that a planar spiral
magnetic structure is formed in this compound.23 The
magnetic moments located at the α (β, γ or δ) position
of the crystal unit cell with coordinates x, y, z (measured
along the a, b and c-axis of the crystal, respectively) are
defined as:
µα = µ · l1(−1)x/a · cos(kic · y + φα) +
+µ · l2(−1)x/a · sin(kic · y + φα), (1)
where l1 and l2 are the two mutually perpendicular unit
vectors, kic is the incommensurability vector parallel to
the chain direction (b-axis), µ is the magnetic moment
of the Cu2+ ion and x is a multiple of the chain period
a. The magetic moment per copper ion at T . 10 K
was evaluated as µ = 0.85 µB.
4,23 The phases φα, φβ ,
φγ and φδ determine the mutual orientation of the spins
in the chains formed by the ions in the different crystal-
lographic positions. Their values are extracted from the
NMR data23,24: φα = 0; φβ = φα+pi/2; φγ = pi−kic∗b/2;
φδ = φγ + pi/2.
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FIG. 1: a. (color online) Schematic representation of the ar-
rangement of Cu2+ moments in LiCu2O2. Only one of four
Cu2+ (α, β, γ, δ) positions is shown. Arrows correspond to
the spin directions below Tc2 for H ‖ c. J1, J2 and J3 are
the main exchange integrals.18 b. Schematic arrangement of
the Cu2+ and Li+ ions in the projection of the crystal lattice
onto the ac-plane23. Large circles indicate the Cu2+ ions, and
small circles – the Li+ ions. Closed and open circles represent
ions with the coordinates equal to 0.25b and 0.75b along the
b-axis, respectively. c. Scetch of the spin configuration cor-
responding to the extreme values of dipolar fields at Li site
for two incommensurable domains with incommensurability
vector directed upchain (solid arrows) or downchain (dashed
arrows). All spin vectors and the external field are in plane
of figure.
III. SAMPLE PREPARATION AND
EXPERIMENTAL DETAILS
Single crystals of Li(Cu1−xZnx)2O2 with the size of
several cubic millimeters were prepared by the “solu-
tion in the melt” method.25 Samples were grown in
air by a flux method in alundum crucibles. The mix-
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FIG. 2: The concentration dependence of the crystal unit
cell volume (top panel) and crystal unit cell parameters a,b,c
(lower panels) of single crystals of Li(Cu1−xZnx)2O2. x −
concentration of zinc in initial charge. The solid symbols show
the results obtained on our samples discussed here. The open
symbols show the data taken from Ref. 16.
tures of analytical grade Li2CO3, CuO and ZnO of
Li2CO3·4(1-x)CuO·4xZnO compositions were melted at
1100 ◦C, and then solidified by cooling to 930 ◦C at
a rate of 5.0 ◦C/hour. Next, the crucible was with-
drawn from the furnace and placed on a massive cop-
per plate to ensure rapid cooling to room temperature.
Quenching from ≈900 ◦C was necessary, because the sin-
gle phase LiCu2O2 single crystals decompose below this
temperature.25
The samples were shaped as a flat plates with the de-
veloped (ab)-plane. The twinning structure of the sam-
ples was studied with optical polarization microscopy.6 In
most cases, the samples were twinned with a characteris-
tic domain size of several microns. It was possible to se-
lect samples without twinning structure for Zn concentra-
tions up to x = 0.1. The absence of the twinning struc-
ture in the samples selected for the experiments was con-
firmed by X-ray diffraction and ESR measurements.6,23
We have used samples without twinning for most of the
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FIG. 3: (color online) Temperature dependences of the mag-
netic susceptibility M(T )/H for field directions H ‖ c (upper
panel) and H ‖ a,b (lower panel) at µ0H = 0.1 T. Suscepti-
bility of the Zn-doped sample with x = 0.1 was measured on
the twinned single crystal, data for the untwinned crystal with
x = 0 at H ‖ a,b and c are taken from Ref. 6. Dashed lines
show the same M(T )/H curves for undoped samples (x = 0),
scaled on the y-axis by a factor of 1− 2x = 0.8.
experiments described below.
The X-ray diffraction patterns were taken in a θ − 2θ
geometry using CuKα irradiation. The samples produced
clearly distinguishable diffraction patterns from the (bc)-
and the (ac)-planes of the crystal. The spectra obtained
from twinned samples had a form of a superposition of
these spectra. The Zn doping of LiCu2O2 results in a
monotonic change of the cell parameters up to a con-
centration limit of xc ≈ 0.12. For samples with zinc
content of initial charge x < 0.12 no diffraction patterns
due to impurity phases were observed. Additional x-ray
diffraction patterns were observed for the samples with
x ≥ 0.12, which can be ascribed to the presence of in-
clusions of impurity phases. The patterns ascribed to
the main phase show that the cell parameters for higher
Zn content do not change. The zinc concentrations of
Li(Cu1−xZnx)2O2 single crystals were measured by elec-
tron probe micro analysis on the spectrometer “Eagle
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FIG. 4: (color online) Temperature dependences of the mag-
netization derivative dM/dT for field directions H ‖ a, b
(circles) and c (squares) and µ0H = 0.1 T for the undoped
untwinned crystal x = 0 (upper panel, taken from Ref. 6)
and for the twinned doped single crystals of Li(Cu1−xZnx)2O2
with x = 0.1 (lower panel). Data are obtained from M(T )/H
at µ0H =0.1 T.
II” (“EDAX”, USA). The concentration values of x in
our single-crystalline samples obtained with this method
coincide with the values x0 of the zinc concentration in
the initial charge with precision better than x0 ± 0.03
for all samples with x < xc.
The dependence of the crystal cell parameters a,b,c of
the single crystals of Li(Cu1−xZnx)2O2 on zinc concen-
tration x in initial charge is shown in Fig. 2. The solid
symbols show the results obtained from the samples de-
scribed above. In contrast with the data of Ref. 16 (open
symbols), we did not observe any anomaly in the concen-
tration dependence of the cell constants at x = 0.055.
Magnetization curves in static magnetic fields of up to
7 T were measured with a commercial SQUID magne-
tometer (Quantum Design MPMS-XL7).
The ESR experiments were performed with a
transmission–type spectrometer using resonators in the
frequency range 18 < ν < 120 GHz. The magnetic field
of a superconducting solenoid was varied in the range of
50 < µ0H < 8 T. Temperatures were varied within the
range of 1.2 < T < 30 K.
The NMR experiments were performed with a con-
ventional phase coherent, homemade pulse spectrometer
at a fixed frequency of ν = 61 MHz. We investigated
the 7Li (I = 3/2, γ/2pi = 16.5466 MHz/T) nuclei using
spin–echo technique with a pulse sequence 5µs–τD–10µs,
where the time between pulses, τD, was 40 µs. The spec-
tra were collected by sweeping the applied magnetic field
between 3.5 < µ0H < 3.9 T. The temperatures were
stabilized with a precision better than 0.02 K.
IV. EXPERIMENTAL RESULTS
A. Magnetization measurements
The experimental curves M(T )/H and their temper-
ature derivatives for different field directions H ‖ a,b
and H ‖ c at µ0H = 0.1 T are shown in Figs. 3 and
4. The dependences were obtained on the single crystal
without doping (x = 0) and on the twinned single crystal
with x = 0.1. For all field directions broad maxima of
M(T )/H were observed at T = 38 K for samples without
doping and at T = 31 K for doped samples with x = 0.1.
The maximum is typical for low-dimensional antiferro-
magnets. In the paramagnetic region, the magnetic sus-
ceptibility for H ‖ c exceeds that for H ‖ a,b, which is
consistent with the anisotropy of the g-tensor measured
in the ESR experiments26 (ga,b = 2.0; gc = 2.2). At
high temperatures T & 150 K the susceptibility of the
doped sample is (20 ± 1.2)% less then that of the pure
sample. This reduction is close to the factor (1− 2x) ex-
pected if all Zn2+ ions take the places of the Cu2+ ions,
which would result in the corresponding decrease of the
number of paramagnetic spins. To emphasize this fact
the M(T )/H dependence for the sample without doping
reduced by factor 0.8 is shown in the same figure with
dashed lines. This experiment allows to conclude that
the number of magnetic Cu2+ ions in the doped samples
of Li(Cu1−xZnx)2O2 is reduced by the number of non-
magnetic Zn2+ ions.
The transitions to the magnetically ordered states at
Tc1 and Tc2 are marked by the change of the M(T )/H
slope. These inflection points are well resolved in the
temperature derivative ofM(T )/H for the undoped sam-
ple (Fig. 4). The (d/dT )(M(T )/H) curves are strongly
anisotropic6: for H ‖ b and c, there are two anomalies
corresponding to two transitions at Tc1 and Tc2. The
temperature dependence of (d/dT )(M(T )/H) for H ‖ a
shows only one sharp peak at the lower temperature near
Tc2 in the studied field range. For the doped sample the
inflection points on the M(T )/H curves were smoothed,
but the maximum of the slope for H ‖ c was observed
at evidently higher temperature than for H ‖ a,b. The
distance between the maxima for doped samples with
x < 0.1 are almost the same as for the samples without
doping (Fig. 4). Thus the double-step transition in the
magnetically ordered phase also takes place for doped
samples. Note here that the double-stage transition is
specific for a planar spin structure with a strong easy-
plane anisotropy for the vector n normal to the spin
plane. The anomaly of M(H) at a field of µ0Hc1 ≈ 2
T for H ‖ b which was associated with the reorientation
of the spin plane observed earlier for samples without
doping6 was not observed for all studied samples with
x ≥ 0.025.
B. Electron Spin Resonance experiments
The ESR in single crystals of Li(Cu1−xZnx)2O2 was
studied on the samples with x = 0.025, 0.05, 0.075, 0.1.
The samples with x = 0.025 and x = 0.1 were untwinned.
ESR on the sample without doping was studied in a pre-
vious work.23 The typical ESR absorption lines are shown
in the lower panels of Figs. 5 and 6. We present the lines
for the samples with the Zn concentration x = 0.075,
x = 0.1 and the undoped untwinned sample from Ref. 23.
The ESR absorption lines are systematically broader for
the samples with larger Zn concentration. The insert in
the lower panel of Fig. 5 shows the concentration depen-
dence of the absorption line width for H ‖ c at T = 4.2
K. The ESR frequency-field dependences ν(H) for field
directions H ‖ c, b for the samples with x = 0, 0.075
and 0.1 are shown in the upper panels of Figs. 5 and 6.
Note, that for H ‖ c the presence of the twinning is not
essential. The sample with x = 0.05, 0.075 were twinned,
but due to strong anisotropy (see below) it was easy
to separate the absorption lines only from the domain
with H ‖ b. The dash-dotted lines in the upper pan-
els of Figs. 5 and 6 mark ν(H) dependences of electron
paramagnetic resonance for LiCu2O2: ν = (gµB/h)H
(ga,b = 2.0; gc = 2.2).
26 Resonance fields of the relatively
weak component “C” are well described by such a para-
magnetic dependence. Probably, this component is due
to paramagnetic inclusions.
The experimental data which correspond to the ab-
sorption component “C” are not shown in the upper pan-
els of Figs. 5 and 6. The ESR frequency-field dependences
(ν(H)) of the intermediate Zn concentrations x = 0.025,
x = 0.05 (not shown) and x = 0.075 interpolate between
those of the samples with extreme doping concentration
x = 0 and x = 0.1. The error bars in the upper panels of
Figs. 5 and 6 show the antiferromagnetic resonance line
widths measured at the half of the absorbed intensities.
The main features of the ESR frequency-field depen-
dences (ν(H)) for different Zn concentrations remain the
same as for the undoped sample. The frequency-field de-
pendences (ν(H)) consist of a single branch for H ‖ c
and two branches for H ‖ b. In the case of pure com-
pound mode “A” was ascribed to the oscillations of the
spin plane around a-axis.23 The sudden change of this
mode resonance frequency at H||b at Hc1 is associated
with spin-flop transition.
The zero-field gap grows on doping from ν(H = 0) =
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FIG. 5: (color online) Upper panel: ESR frequency-field de-
pendences for Li(Cu1−xZnx)2O2 samples with x = 0.075, x =
0.1 (black and blue solid symbols), and x = 0 (open symbols,
from Ref. 23), H ‖ c, T = 4.2 K. Solid and dashed lines show
fits with the equation given in the text. The dash-dotted line
shows the spectra of the absorption component “C”, which
coincides with the position of the paramagnetic absorption at
T > TN . Lower panel: Examples of ESR absorption spectra
measured on three samples with x = 0.1, x = 0.075, and x = 0
at close frequencies (ν ≈ 79 GHz), H ‖ c and T = 4.2 K. In-
sert to the lower panel: dependence of the “A”-component
ESR line width on the Zn concentration. H ‖ c, T = 4.2 K,
ν ≈ 79 GHz.
30 ± 2 GHz for the undoped sample (x = 0) to ν(H =
0) = 42 ± 2 GHz for doped samples with x = 0.1. An-
gular dependences of the resonance fields on rotation in
the (ab)-plane for samples with x = 0, 0.1 are shown in
Fig. 7. Both resonance fields shift to higher fields as
H approaches H ‖ a. Such a behavior was observed
also for a rotation of the applied magnetic field H in the
(ac)-plane. Thus, rotation of the static field towards the
a-direction flattens the ν(H) dependence, which finally
becomes field independent for H ‖ a (as was reported
for the pure compound in Ref. 23). From these data we
conclude that the strong uniaxial anisotropy along the a-
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FIG. 6: (color online) Upper panel: ESR frequency-field de-
pendences for Li(Cu1−xZnx)2O2 samples with x = 0.075, x =
0.1 (black and blue solid symbols), and x = 0 (open sym-
bols, from Ref. 23). Intense components are marked by large
symbols, weak components are marked by small symbols, re-
spectively, for H ‖ b, T = 4.2 K. The solid and dashed lines
are guides to the eyes. The dash-dotted line corresponds to
the absorption component “C”, which coincides with the EPR
spectra measured at T > TN . Lower panel: Example of field
dependences of the transmitted power, measured on three
samples with x = 0.1, x = 0.075, and x = 0 at two close
frequencies (ν ≈ 79 GHz), H ‖ b and T = 4.2 K.
direction remains for all studied doped samples. Such an
anisotropy corresponds to the easy (bc)-plane anisotropy
for the vector n normal to the spin plane.
The branches marked as ”A” for H ‖ c are quasi linear
with field: ν = k
√
H2 +∆2. The coefficient k is notice-
ably smaller than the gyromagnetic ratio gµB/h. Such
a field dependence is typical for a planar spin structure
with strong “easy-plane” anisotropy for vector n perpen-
dicular to the spin plane and field direction perpendicular
to the anisotropy axis (H ⊥ a). (See attachment) The
coefficient k is defined by the anisotropy of the suscepti-
bility of the spin structure: k = (gµB/h)
√
(χ‖/χ⊥ − 1)
(here χ‖ and χ⊥ are the susceptibilities for field directions
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FIG. 7: (color online) (ab)-plane angular dependences of the
resonance fields for “A” and “B” components measured on
Li(Cu1−xZnx)2O2 samples with x = 0.1 (solid symbols), and
x = 0 (open symbols) for frequencies around 80 GHz. T = 4.2
K. The dashed lines are guides to the eyes.
parallel and perpendicular to the vector n of the spiral
spin structure). Using the value of k as a fit parame-
ter we obtained that the anisotropy of the susceptibility
χ‖/χ⊥−1 slightly decreases from 0.55±0.02 to 0.5±0.02
with the increase of doping from x = 0 to x = 0.1.
For the field orientation H ‖ b the magnetic structure
of the undoped LiCu2O2 samples undergoes a reorien-
tation at a field of µ0Hc1 ≈ 2 T. Earlier experiments
have shown that at this field the spin plane of the spi-
ral structure rotates from the (ab) to the (ac)-plane.6,23
The magnetic susceptibility at this field undergoes a step
like increase. The ESR frequency-field dependence for
this orientation is shown in the upper panel of Fig. 6.
The transition field Hc1 is marked by the jump of the
frequency-field dependence for the undoped sample. The
intensive component of the ESR absorption line changes
form the “B”-branch of the frequency-field diagram to
the “A”-branch at the transition field Hc1 for the un-
doped sample. Thus, the “A”-component dominates the
absorption spectrum of the undoped sample at high fields
(Fig. 6). For the doped sample with x = 0.1 the absorp-
tion component “B” was more than 10 times more inten-
sive than the component “A” in the whole field range.
No jumps of the position of the intense component in
the frequency-field diagram was observed for the doped
samples.
From these observations we conclude that for doped
samples no magnetic reorientation takes place in the
studied field range. This conclusion is in agreement with
the absence of anomalies in the M(H) curves mentioned
in the previous subsection. Note that the value of Hc1
and the sharpness of the transition are strongly depen-
dent on the quality of the samples even for the crystals
without doping.6,23
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FIG. 8: (color online) NMR spectra of 7Li nuclei in
Li(Cu1−xZnx)2O2, x = 0.1, measured at different tempera-
tures. H ‖ c and pumping frequency ν = 61.0 MHz.
C. Nuclear Magnetic Resonance experiments
The magnetic structure of the single crystals of
Li(Cu1−xZnx)2O2 with x = 0.1 was tested with the NMR
technique. 7Li NMR field-sweep spectra measured at dif-
ferent temperatures at field orientation H ‖ c and fixed
frequency ν = 61.0 MHz are shown in Fig. 8. The shape
of the NMR spectra transforms from a single compo-
nent spectrum at high temperatures T > TN to a spec-
trum with characteristic shoulders at temperatures below
TN ≈ 18 K (see Fig. 8). Similar NMR spectra evolution
was reported in Ref. 27 for the sample with Zn content
x = 0.029.
The spin echo NMR signal in the low temperature
range was observed in a broad field range µ0∆H ≈ 0.25
T which is approximately the same as for LiCu2O2 with-
out doping (see Fig. 9). At temperatures close to TN the
central line of the NMR spectra dominates. This fact
demonstrates, that close to Neel temperature the num-
ber of nuclei with paramagnetic environment increases.
In Fig. 9 the lines show the fitting results of the NMR
spectra. The 7Li NMR spectra for doped and undoped
samples were fitted by taking into account dipolar fields
within the model of a planar spiral magnetic structure
in the (ab)-plane with an incommensurate wave vector
kic = 0.827× 2pi/b aligned along the b-direction and an
effective magnetic moment on the Cu2+ position equal to
0.8µB. Note, that the contribution of the contact field
for such spin arrangement at H ‖ c can be neglected
since the spin plane is perpendicular to the magnetic
field.28 The magnetic structure for the sample without
doping is described by Eqn.(1). The mutual orienta-
tion of the spins from neighboring (ab)-planes defined
by phases φα,β,γ,δ are given in the end of the section II.
The line width of individual groups of resonating lithium
nuclei for this computation was taken as δH = 0.005 T,
8T = 4.5 K
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FIG. 9: (color online) Squares represent NMR spectra of 7Li
nuclei in Li(Cu1−xZnx)2O2, x = 0.1 (top and middle panels)
and x = 0 (bottom panel) measured at T < TN for H ‖ c and
ν = 61.0 MHz. The solid lines show the simulated spectra
in models of spiral planar spin structures within the (ab)-
plane with long-range order in the c-direction for the undoped
sample (bottom panel) and with disorder in the c-direction
for the doped sample (top and middle panel). The dashed
lines show the simulated spectra in the models of randomly
disturbed planar spiral spin structure within ab-planes with
short-range order in c-direction (top and middle panels).
which is much smaller than all peculiarities on the exper-
imental spectra. This value of δH roughly corresponds
to the value of quadrupolar splitting of NMR line on 7Li
nuclei in LiCu2O2 (νq ≈ 51.7 kHz, Ref. 5).
To explain the main features of our experimentally ob-
served NMR spectra we consider effective fields at lithium
sites which are generated by an individual magnetic chain
of Cu2+ ions nearest to the lithium nuclei (see the frag-
ment of the spiral structure shown in Fig. 1c). For sim-
plicity we suppose that the Li+ ion, the Cu2+ chain,
the spin vectors, and the applied static field H lies in
the plane of the figure. The projection of the effec-
tive field from neighboring spins on the applied field H
changes along the spin chain sinusoidally. For a given
propagation vector kic the NMR spectra exhibit a shape
with two characteristic maxima at the extremum fields
ν/γ ± Hextr. Since the Li+ ions are located symmetri-
cally between two Cu2+ ions, the extreme fieldsHextr will
correspond to the arrangement of the spins in the cop-
per chain symmetric with respect to the chosen Li+ ion
(marked with index i in Fig. 1c). As it is schematically
shown in Fig. 1c, such a symmetric arrangement corre-
sponding to the magnetic structures, with opposite wave
vectors kic (solid arrows) and−kic (dotted arrows), yields
different dipolar contributions to effective field. Thus for
such simple model structure we can expect a broad NMR
spectrum with four characteristic maxima corresponding
to two magnetic domains with opposite wave vectors.
The magnetic structure expected for LiCu2O2 at an
arbitrary orientation of the applied magnetic field pro-
vides NMR spectra with 8 maxima corresponding to the
four extremal fields at the lithium nuclei from different
positions Li1, Li2, Li3, and Li4 (Fig. 1b). For the field
orientation H ‖ c the number of maxima of the spectra
is reduced to four (see bottom panel of Fig. 9).
In order to interpret the NMR spectra of doped sam-
ples we simulated the NMR spectra for the structures
with random static deviations of the spin directions from
the spin orientations of undoped model. For modeling
purposes the deviation angles within the spin plane were
set to the random value −φ(max) < φ < φ(max), where
the maximal deviation φ(max) was used as a model fitting
parameter. Taking into account that the exchange inter-
actions between planes is weaker than the in-plane inter-
actions, we used different deviation parameters φ
(max)
‖
for spins within (ab)-plane, and φ
(max)
⊥ for spins from
different planes. The NMR spectra of doped samples at
9 K can be fitted in the model of totally random mu-
tual orientation of the spins of the neighbor planes, i.e.
φ
(max)
⊥ = 180
◦ (see middle panel of Fig. 9). The NMR
spectra obtained in this model are only weakly sensitive
to the disorder within the individual spin plane. The
solid blue line shows the computed NMR spectra with
the assumption of ordered moments within each (ab)-
plane (φ
(max)
‖ = 0
◦). The dashed green line shows NMR
spectra obtained under the assumption that the spin di-
rections of ions within the (ab)-planes are oriented ran-
domly around undisturbed directions within the angle
φ
(max)
‖ = 35
◦. For the fit we took 0.8µB as the absolute
value of the magnetic Cu2+ moments at this particular
9temperature of T = 9 K. As temperature decreases the
central maximum of the spectra starts to broaden (see
Fig. 8). Such transformation can be explained by the
development of spin correlations between ions of neigh-
boring (ab)-planes on cooling. The NMR spectrum mea-
sured at 1.8 K (squares) and the fitting results (lines) are
given in the top panel of Fig. 9. Again, the solid blue line
shows the computed NMR spectrum with the assumption
of ordered moments within each (ab)-plane (φ
(max)
‖ = 0
◦)
and random deviations of nearest spins from neighboring
planes within the angle φ
(max)
⊥ = 45
◦. A better agree-
ment between our model and the low-temperature exper-
imental NMR spectrum is obtained for the case of a mag-
netic structure with short ranged static correlations for
both in-plane and inter-plane correlations according to
the green dashed line. It shows the computed NMR spec-
trum with the assumption of random deviations of spins
described by the parameters φ
(max)
‖ = φ
(max)
⊥ = 35
◦.
Again, the absolute value of the magnetic moments of
Cu2+ was taken to be 0.8µB for the fit.
Finally, we must note that the local field at the prob-
ing nuclei is defined mostly by four nearest coordination
spheres, which means that the NMR spectra are testing
the short-range static correlations only. These correla-
tions must be static at least during the time window of
≈ 0.1 s set by our NMR experiment. Thus, the simu-
lation does not actually rely on the assumption of the
long-range order and the same results can be obtained if
we assume presence of only short-range order superim-
posed by the static random variations.
V. DISCUSSION
X-ray diffraction and electron probe micro analysis
of the single-phase crystals of Li(Cu1−xZnx)2O2 show
that Zn ions enter into the lattice without destruction
of the crystal structure in the broad concentration range
0 ≤ x . 0.12. The scaling of the high-temperature sus-
ceptibility as (1−2x), shown in the Fig. 2, indicates that
Zn ions substitute for Cu2+ and each Zn2+ ion reduces
the number of magnetic ions by one. Nonmagnetic dilu-
tion should also affect the effective interspin interactions
(i.e. Curie-Weiss temperature Θ). The fit of ourH ||c sus-
ceptibility data in the 150K − 300K temperature range
shows that the Curie-Weiss temperature decreases from
(61 ± 3)K for the pure compound to (51 ± 5)K for the
10% doped compound. The Curie-Weiss temperature of
the doped system is also about 80% of that for the pure
compound, which is again close to the (1− 2x) factor de-
scribing the decrease of the average number of neighbors
of the magnetic ion with doping. On the other hand, even
for the 10% doping the M(T ) curves demonstrate the
same characteristic broad maximum around 35K as for
the pure compound. Thus, magnetization measurements
prove that the magnetic subsystem of Li(Cu1−xZnx)2O2
can still be considered as a system of spins (S = 1/2)
with frustrated exchange interactions, where the spins
are arranged in chains along the crystallographic b-axis.
According to Ref. 18 the strongest exchange interac-
tions for undoped Li(Cu1−xZnx)2O2 are the interactions
between copper ions within the (ab)-planes: intrachain
interactions of nearest spins J1, intrachain interactions of
next-nearest spins J2 and interchain interaction J3 (see
Fig. 1). These interactions lead to a spiral long-range
magnetic order with an incommensurate wave vector di-
rected along the crystallographic b-axis. The solitary
nonmagnetic Zn2+ defects disturb this spiral magnetic
structure in their immediate surroundings only. Since a
nonmagnetic defect breaks up nearest-neighbor exchange
bonds along the chain, but leaves next-nearest exchange
bond almost unperturbed, the effect of the solitary de-
fect on the spiral structure can be envisioned as a spiral
phaseshift at the defect location. Interchain couplings fix
relative phases of the neighboring spirals far away from
the solitary defect which results in the formation of the
disturbed area of the finite size. For small concentrations
x the characteristic size of the disturbed area around non-
magnetic defects can be evaluated as 2(J1,J2)J3 cell units,
which yields a value of 4 cell units in the case of LiCu2O2.
For x = 0.1 the average distance between the defects
within the chains amounts to ≈ 5 lattice constants and,
therefore, the disturbed areas strongly overlap.
As the defect positions in the neighboring chains are
uncorrelated, the interchain coupling became frustrated
since all interchain bonds obviously can not be satisfied
simultaneously because of the spiral phaseshift at the
defect location. The doped frustrated quasi-one dimen-
sional system differs significantly from the non-frustrated
doped system: in the case of the non-frustrated system
fragments of the spin chain on the both sides of the de-
fect are decoupled and weak interchain interactions can
be completely satisfied by properly setting orientation
of the each fragment. Thus, at the strong doping level
long-range order in the frustrated quasi-one dimensional
system is most likely destroyed, while the short-range chi-
ral correlations should persist. We suggest that such a
disordered state of the frustrated spin chain can be a re-
alization of a novel spin-glass like state with short-range
static chiral correlations in the (ab)-planes. The possi-
bility of such state in Zn doped LiCu2O2 was suggested
earlier by Hsu at al.27
The ESR experiments show that the main fea-
tures of the low-frequency spectrum of excitations in
Li(Cu1−xZnx)2O2 do not change at a doping of x ≤ 0.1.
The spectra can be explained in the frame of a planar
spin structure with strong easy-axis anisotropy along the
a-axis of the crystal. This means that the spins of this
spin-glass like structure lie in the plane defined by the
applied magnetic field H and the axial-anisotropy vec-
tor along the a-axis for all concentrations x within the
entire range 0 ≤ x < 0.1. The absorption line width
of Li(Cu1−xZnx)2O2 strongly increases with the Zn con-
centration (insert in Fig. 5) and the absorption lines of
the highly doped samples are asymmetric: the low-field
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part of the absorption lines is more broadened than the
high-field part. Probably, this asymmetry is due to a
nonuniformity of the magnetic structure of the doped
Li(Cu1−xZnx)2O2. The defects in the magnetic structure
might trigger excitations of magnons with nonzero wave
vectors (see for example Ref. 29). The resonance condi-
tion for such excitations is expected for applied magnetic
fields lower than the antiferromagnetic resonance field.
The NMR experiments indicate that the value of the
magnetic moments at the position of Cu2+ ions at low
temperature in doped samples is nearly the same as in the
samples without doping at temperatures less then 15 K.
Additionally, the shape of the NMR spectra of zinc doped
samples indicates short-range static correlations the same
as in undoped samples. These correlations appear at the
temperature ≈ 18 K, where the anomaly on magnetiza-
tion curve was observed and the ESR spectra start to be
gaped. The temperature evolution of the shape of NMR
spectra of doped samples can be explained by appear-
ance of short-range correlations between spins of neigh-
bor (ab)-planes with decrease of the temperature from 9
to 1.8 K. The interpretation of the experimental spec-
tra and our fitting results is natural and one of the sim-
plest. But we can not exclude other models, which can
describe the NMR spectra in another way. The results of
NMR experiments on strongly doped Li(Cu1−xZnx)2O2,
for x = 0.1 are in agreement with the spin-glass like mag-
netic structure suggested above.
VI. CONCLUSIONS
Untwinned single-crystalline samples of
Li(Cu1−xZnx)2O2 were grown for 0 ≤ x < 0.12.
It is shown that the zinc doping diminishes the number
of magnetic copper ions Cu2+ and a single crystallo-
graphic phase is maintained for all samples within the
entire doping range 0 ≤ x < 0.12. The ESR spectra for
all doping concentrations within 0 ≤ x < 0.12 can be
well explained in the model of a planar spin structure
with strong easy-plane type anisotropy for the vector
n normal to the spin plane. The NMR spectra of
the highly doped single crystal Li(Cu0.9Zn0.1)2O2 can
be well described by planar spin-glass like magnetic
structure with static short-range spiral correlations.
The value of magnetic moments of Cu2+ ions in this
structure is close to the value obtained for undoped
crystals: (0.8 ± 0.1) µB.
VII. ATTACHMENT
According to the theory of exchange symmetry30 the
order parameter in a coplanar exchange structure is rep-
resented by two mutually perpendicular unit spin vectors
l1 and l2, which transform according to a particular irre-
ducible representation of the crystal symmetry group. In
a helical magnetic structure, the order parameter with
respect to the subgroup of translations transforms ac-
cording to the representation with an incommensurate
wave vector. Lagrange function for this system can be
written as
L =
I1
2
((l˙1+γ[l1H])
2+(l˙2+γ[l2H])
2)+
I2
2
(n˙+γ[nH])2−Ua,
where n = [l1l2], and Ua - small addition to the ex-
change part of the energy due to relativistic effects. Ii
and the susceptibility tensor components are related by
the expressions: χ⊥ = I1 + I2, χ‖ = 2I1. In the spiral
magnetic structure, Ua depends only on the orientation
of the vector n with respect to the crystal axes. In the
simplest case, when the direction of all the spirals coin-
cide, senior terms in the expansion of the quantity Ua
in the components of the vector n for a biaxial crystal
can be written as 12 (An
2
z + Bn
2
y). For a magnetic field
directed along one of the symmetry axes, vector n also
directed along one of the twofold axes. The coordinate
axes are chosen so that, in a zero magnetic field, the vec-
tor n is parallel to the z-axis. Then, the coefficients A
and B satisfy the inequalities A < 0, A < B. In the
absence of the magnetic field, oscillation frequencies are
ω210 =
−A
χ⊥
, ω220 =
B −A
χ⊥
, ω30 = 0
The third oscillation frequency is equal to zero also for
H 6= 0. In the magnetic field directed along the z-axis,
the resonance frequencies are determined by the formula
ω21,2 =
ω210 + ω
2
20
2
+ γ2H2
I21 + I
2
2
(I1 + I2)2
±
±
(
(ω210 − ω220)2
4
+ 2(ω210 + ω
2
20)γ
2H2
I22
(I1 + I2)2
+
+ 4γ4H4
I21I
2
2
(I1 + I2)4
)1/2
. (2)
For H ‖ y
ω21 = ω
2
10, ω
2
2 = ω
2
20 + γ
2H2
For H ‖ x
ω21 = ω
2
10 + γ
2H2, ω22 = ω
2
20
The reorientation transitions occurs in the following
fields:
If χ⊥ > χ‖ and H ‖ z
Hcz =
min(ω10, ω20)
γ
√
χ⊥
χ⊥ − χ‖
And if χ⊥ < χ‖ and H directed along x or y
Hcx =
ω10
γ
√
χ⊥
χ‖ − χ⊥
, Hcy =
ω20
γ
√
χ⊥
χ‖ − χ⊥
,
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FIG. 10: (color online) The calculated ESR spectra of the
planar spiral antiferromagnet with uniaxial anisotropy and
parameters of LiCu2O2 (ω10 = 320 GHz, ω20 = 0 GHz and√
χ⊥
χ‖−χ⊥
= 1.4). Solid lines show the spectra. Top panel:
H||a. Bottom panel: H ⊥ a. Dotted line indicate the para-
magnetic resonance spectra. Insert to the bottom panel: the
scheme of oscillations of the spin plane at H||c.
respectively. In the first case, the oscillation frequencies
in fields above the field of the spin-flop are given by
ω21 =
A
χ⊥
+ γ2H2, ω22 =
B
χ⊥
,
ω21 =
−B
χ⊥
+ γ2H2, ω22 =
A−B
χ⊥
,
depending on whether the constant B is positive (n ‖ x at
H > Hcz) or negative (n ‖ y in H > Hcz). In the second
case, the frequencies are determined by expression (1),
into which is necessary to substitute
ω210 =
A
χ⊥
, ω220 =
B
χ⊥
for H ‖ x, H > Hcx and
ω210 =
−B
χ⊥
, ω220 =
A−B
χ⊥
for H ‖ y, H > Hcy
In a more complex case, where not all the spirals
twisted to one side, in the expansion of Ua can also add
member Cny. In this case, as well as the fields are not
directed along the axes of symmetry of the crystal, ex-
pressions for the frequencies are too bulky and the orien-
tation of the order parameter and the frequency of small
oscillations are found by numerical calculations of the
equilibrium orientation of the order parameter, relative
to the crystal axes and the frequencies of small oscilla-
tions.
Fig. 10 shows the calculated spectra for LiCu2O2 in
the model of planar spiral antiferromagnet with uniaxial
anisotropy: A = B < 0 and parameters: ω10 = 320 GHz,
ω20 = 0 GHz and
√
χ⊥
χ‖−χ⊥
= 1.4.
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